Data from X-ray powder diffraction (XRD) were subjected to a partial least-squares regression analysis (PLS) to build a calibration model for predicting the polymorphic content of carbamazepine (CBZ). The effectiveness of the PLS method in the construction of calibration models was analyzed by a scientific approach based on a regulation vector. CBZ forms I and III were characterized by differential scanning calorimetry (DSC) and XRD. Powder mixtures of forms I and III at various ratios (0 -100% w/w; form III) were subjected to XRD. Five diffraction peaks were used for the peak-area method to compare with PLS. The results obtained by PLS had a better predictive accuracy compared to those of the peak-area method. The XRD-PLS method was established as a non-destructive, non-contact way to avoid the particle orientation effect based on statistical theory.
Introduction
Many organic pharmaceutical compounds can exist in different crystalline forms or solvates. 1 These polymorphs exhibit differing physicochemical properties, such as solubility, dissolution rate, stability, and hygroscopicity, and differing pharmaceutical properties, such as bioavailability, efficacy, degradation, and toxicity.
Therefore, for drug substances which have polymorphism, pharmaceutical regulations require that an appropriate solid-state of bulk materials is provided in which only one polymorphic form is included, or specified polymorphic contents are controlled. 2 It is important to evaluate the polymorphic transition mechanism, and then to control the crystalline forms under stable manufacturing processes and storage conditions. 3 Chemical and/or physicochemical properties concerning the polymorphic problem with pharmaceuticals have been obtained by using conventional scientific approaches, such as DTA, TG, differential scanning calorimetry (DSC), and X-ray powder diffraction (XRD) analysis. The food and drug administration discussed the adoption of process analytical technology (PAT) for regulating the manufacturing of medicines. Noncontact methods, such as near infrared spectroscopy (NIR) and Raman spectroscopy have been a focus of attention as important tools for PAT.
Chemoinformetrics are employed in NIR quantitative and qualitative analyses, and have received the attention by preformulation scientists, [4] [5] [6] [7] since chemoinformatics, such as the classical least-squares (CLS) method, principal component analysis (PCA) and partial least squares (PLS) method provide an ideal means for extracting quantitative information from complex spectra containing multi-component samples. This analytical method combines both nondestructive inspection and rapidly measured velocity values, since it is spectroscopic and statistical.
In a previous paper, 8 the crystallinity and polymorphic content of crystalline medicines were evaluated by using a combination of chemoinformatics and NIR spectroscopy. The combination of chemometrics and temperature-induced Fourier-transform infrared spectroscopy (FT-IR) with attenuated total reflection (IR-ATR) spectroscopy has resulted in a greatly increased ability of achieving the precise quantification of various pharmaceutical systems.
XRD is also effective for the on-line monitoring of the manufacturing of medicines as a non-contact, non-destructive inspection technique to investigate the amount of medical substance and polymorph in medicine. 9 However, generally, the relative amounts of two crystalline polymorphs are determined based on calibration curves constructed from a quantitative analysis of standard powders at various weight ratios physically mixed using an agate pestle in a mortar, etc. 10, 11 A limitation of the accuracy of the quantitative analysis is caused by insufficient homogeneity in the crystalline standard samples and the crystal orientation in the sample holder. For example, since the peak area of an XRD profile is affected by the crystal orientation and homogeneity of standard samples, the calibration curve calculated by the peak-area method is not reliable. Therefore, it is important to obtain an accurate calibration curve, but it is difficult to obtain an XRD profile without changing the crystal orientation in the packing on the glass plate, since most polymorphic crystals are very sensitive to mechanical and environmental stress. Okumura et al. developed a jet mill micronization and rubber ball mixing method (JMRM) to avoid a change to the crystallinity or polymorphic content during mixing of the samples. 12 However, the obtained samples were well mixed, though still heterogeneous. The results indicated the importance of the standard sample quality and the usefulness of an artificial neural network 11 for the accuracy of a quantitative XRD analysis.
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Carbamazepine (CBZ), an anticonvulsant used to treat epilepsy and trigeminal neuralgia, has four polymorphs and a dihydrate form. [13] [14] [15] [16] [17] [18] [19] [20] The three principal polymorphs (e.g. the primitive monoclinic polymorph (form I), trigonal polymorph (form II) and triclinic polymorph (form III)) and dihydrate (form IV) have been well characterized by XRD, DSC, 13 C-NMR, FT-IR, and Raman spectroscopy. [21] [22] [23] [24] [25] The polymorphic content of pharmaceuticals is determined and predicted by the XRD method, but this method has relatively large errors, of around ±5%, due to the crystal orientation when the sample powder is loaded on the glass plate. If these problems are solved, the X-ray diffraction method might be applicable to on-line pharmaceutical manufacturing processes as a non-destructive measurement method. For this reason, the chemometric XRD method was investigated as a quantitative method for the prediction of polymorphic content.
In this study, we tried to construct a calibration model not influenced by the crystal orientation of CBZ forms I and III due to pressure in order to predict the polymorphic content. PLS was employed to quantitate the XRD pattern of the polymorphic mixture, and was used to calculate the optimum statistical model. The obtained calibration curves were evaluated for the accuracy of predicting the polymorphic content by cross validation. The effectiveness of the PLS method in constructing calibration models was discussed by a scientific approach based on a regulation vector.
Materials and Methods

Materials
CBZ form I was obtained from Shizuoka Coffein Co., Ltd. (Shizuoka, Japan) and used as received. CBZ form III was prepared as reported. 7 The samples were identified by both XRD and DSC. 7 In accordance with the JMRM method, 11, 12 mixtures of form I and form III were obtained as follows: a total of 500 mg of powders was mixed at various ratios 
Scanning electron microscopy
CBZ crystals and polymorphic mixtures were observed by a scanning electron microscope (SEM). The samples were subjected to both low pressure and high pressure using a glass plate, and were coated with gold in an ion sputter JFC-1100 (Jeol Datum Co., Japan); photomicrographs of samples were taken with a SEM (Model JSM-5200LV, Jeol Datum Co., Japan).
Differential scanning calorimetry
DSC measurements were carried out at a heating rate of 1.0˚C min -1 under a nitrogen-gas purge at 60 ml min -1 with a DSC 8230 (Rigaku Ltd. Co., Tokyo, Japan). The measurements were conducted at least three times (n = 3). The polymorphic transformation temperature was defined as the endothermic peak measured by the three-point method in the DSC curve. Each sample (5 mg) was sealed with an aluminum pan.
X-ray powder diffraction
XRD profiles were recorded on a RINT-ULTIMA III (Rigaku Ltd. Co.). A 50 mg loosely packed sample was prepared to put on a glass holder. A 50 mg tightly packed sample was prepared for pressing by a flat glass plate on the glass holder. XRD measurements were carried out at 40 kV, 40 mA with a Cu-Kα source between 5 and 40˚ 2θ with a scan speed of 0.4˚ min -1 in the step scan mode. An optical monochromator was used parallel to a beam splitter. XRD measurements were conducted four times each for 11 standard samples. The polymorphic content of the sample was evaluated based on 44 diffraction data sets obtained by the PLS and diffraction peak-area methods. Thirty-three XRD profiles of 11 standard sample sets were used to establish a calibration model with which to predict the polymorphic content by PLS. Eleven XRD profiles of other sample sets were used to validate the model. A chemometric analysis was performed using the PLS program associated with the Pirouette software (InfoMetrix Co., USA). The conditions were optimized to minimize the standard error of crossvalidation (SEV) by using PLS with the leave-one-out crossvalidation (LOO) method.
With the diffraction peak-area method, the peak area was measured by the three-point method using JADE (Materials Data Inc., CA). A calibration curve was obtained based on the total area of five diffraction peaks at 2θ = 7.9, 8.6, 9.4, 12.2, and 13.5˚, respectively. The predictability of the peak area method was evaluated to be the same as that of PLS.
Partial least squares regression
PLS regression is one of the most common regression algorithms in the fields of chemometrics and spectroscopy. PLS regression is mainly used for modeling the linear regression between multi-dependent variables and multi-independent variables. It has many advantages over ordinary multiple linear regression. For example, it can avoid harmful effects of multicollinearity, and is particularly suitable for regressing when the number of observations is less than the number of variables. In addition, PLS regression combines the basic functions of a regressing model, PCA, and a canonical correlation analysis. 7, [26] [27] [28] [29] PLS also has the advantage that the precision of the model parameters is improved by increasing the number of relevant variables and observations. For our purposes, PLS regression is a useful algorithm because the scores of the spectral space (Xvariable) are always correlated to those of the concentration space (Y-variable). This correlation between the X-variable and Y-variable corresponds to a comparison of the responses. PLS regression modeling for concentration calibration is generally formulated with the following two equations: 30
where a and R are spectra and residual (or error) matrices, respectively, and c is a concentration vector. T and u are the scores in each equation, while P and Q correspond to the loadings, respectively. Since c is a vector, the concentration score, Q, becomes a vector as well. The components of the matrices (T, u, and P) and Q are respectively represented by th, uh, ph, and qh.
Results and Discussion
Physicochemical characterization of CBZ forms I and III
It is reported that a transformation from form I to III occurred at 161.5˚C. 6, 14 To confirm the polymorphic type, these polymorphs were identified based on DSC and XRD measurements. Figure 1 presents the DSC curve of forms I and III upon heating.
The DSC curve of form I had an exothermic peak at around 155 -165˚C due to a polymorphic transformation into form III and an endothermic peak at 191˚C due to melting. The curve of form III had an endothermic peak at 191˚C due to melting. Figure 2 presents XRD profiles of form III (a) and form I (b) at room temperature. The XRD pattern (a) was identified by specific peaks of form I at 2θ = 7.9, 9.4, 12.3, 15.1 and 19.8˚, while the diffraction pattern (b) showed specific peaks attributable to form III at 2θ = 15.1, 20.0, 24.5, and 27.5˚. These results reflect that the diffraction patterns were significantly different. The XRD data for forms I and III identified them as monoclinic and triclinic crystalline forms, respectively. 14,16 Forms I and III were observed as cube-and rod-shaped particles by SEM, respectively.
SEM of the pressurized polymorphic powder mixture
The diffraction peak intensity of an XRD profile is affected by the crystal orientation, since a quantitative relationship exists between the amount of crystalline solid and diffraction intensity, based on randomized particle loading in the sample holder. If there is a crystal orientation in the sample holder under the pressurized condition, the intensity of specific diffraction peaks related to the crystal orientation might be significantly increased or decreased. In order to observe the crystal orientation of polymorphs of forms I and III under the pressurized condition, a tightly packed powder sample was subjected to SEM measurements. Figure 3 presents SEM photographs of a polymorphic mixture, 50% (w/w), in a loosely packed sample (a) and a tightly packed sample by high pressure (b, c). In the loosely packed sample rod-shaped particles of form III were randomly placed in the holder, as shown in photograph (a). In contrast, the particles were orderly packed in the tightly packed sample by pressurization (b, c). These results showed that the polymorphic powder mixture was oriented with pressurization. Since crystal orientation induced reduction of the quantitativity of the XRD profile, it directly affected the peak-area intensity of the solid. For these reasons, technology to control the crystal orientation, such as a rotating sample holder and the addition of a matrix component to the sample, is needed.
Influence of packing on the XRD profile of a polymorphic mixture
The XRD diffraction peak-area method is in general predictive of the polymorphic content. The method involves drawing up a calibration curve from fluctuation values of the large peak area in specific peaks. A high-accuracy calibration curve for a multicomponent system is obtained based on reproducible XRD profiles. As discussed above, the XRD profile often fluctuates with pressure when crystalline samples are oriented. Figure 4 presents the XRD profiles of polymorphic form III mixtures in the range 0 -100% (w/w); (a) for loosely packed and (b) for tightly packed samples. The peaks indicated by closed circles in Fig. 4 were used for the diffraction peak-area method. The arrow in the figure shows the direction the peak intensity increasing, which fluctuates with an increase of the form III ratio.
The intensity of specific peaks increased and/or decreased according to the polymorphic ratio. In general, the intensity of peaks at a low angle of diffraction fluctuated significantly, which was related to the crystal orientation. In contrast, the peaks at a high diffraction angle showed the tendency of smaller fluctuation.
In Fig. 4 (a, loosely packed sample), the intensity of the peaks increase with an increase in form III content, but fluctuate due to an increase and/or decrease in the content. As shown in Fig. 4 (b, tightly packed sample), the intensity of the peak at 2θ = 20.0˚ is due to form III increasing with an increase in form III, but the peaks fluctuate more than those for loosely packed samples. Figure 5 presents the effect of the packing of the powder on the intensity of XRD profiles of CBZ standard samples: (a) specific peak of form I at 2θ = 15.1˚ and (b) specific peak of form III at 2θ = 20.0˚. The open circle shows the intensity for a loosely packed sample, and the close circle, that for a tightly packed sample.
As shown by the observation with SEM (Fig. 3) , form I is a cube-shape crystal that forms independently of the particle orientation characteristics. Accordingly, it would appear that the intensity of this peak has reproducibility as shown in Fig. 5(a) . In contrast, the intensity of the diffraction peak due to form III fluctuates in the plot in Fig. 5(b) . In particular, the intensity of the tightly packed powder (Fig. 5(b) ) fluctuated significantly.
As the observation with SEM shows, form III is a rod-shape polymorph dependent on the particle orientation characteristics. Their polymorphic shape induced a crystal orientation in the sample holder when tightly packed on a glass plate. It is suggested that this phenomenon decreased the quantitative characteristics of the XRD profile. When the calibration curve is prepared based on XRD by the peak-area method, the peak at 2θ = 20.0˚ should be chosen because it is larger. However, it is necessary to care about the reproducibility of the measuring diffraction peaks due to the sample preparation conditions. The fluctuation will affect the quantitative results.
Predictability of the polymorphic content by the XRD-peak area method
The crystal orientation and the heterogeneous mixing of standard samples induced fluctuating diffraction peaks at lowangle in the XRD profiles. The effect of the fluctuation of specific diffraction peaks on the accuracy of the determination method is investigated.
The relationship between the actual and predicted polymorph contents of form III by the peak-area method was evaluated, and the results of validation for several relationships are summarized in Tables 1 and 2 . The accuracy of the calibration curve was evaluated based on the validation data set using the mean bias and mean accuracy, Eqs. (3) and (4), respectively:
where Bm is the percentage of the mean bias, Am the percentage of the mean accuracy, Xp the predicted value of the form I content, Xt the actual value of the form I content and n the The arrow shows the direction of the increase in the peak intensity, which fluctuates with an increase of form III ratio. The plot shows the angle of diffractions used for the peak-area method. Table 2 .
The plot for conditions Nos. 2 -4 and 6 for the calibration and validation had a more linear relationship and larger correlation coefficient constant than for different conditions. Bm was calculated to be in the range of 38.0 -150.2%, and Am was in the range of 38.6 -150.8%. The Bm and Am for conditions Nos. 2 -4 and 6 were larger than those for the other conditions. Figure 6 presents the relationship between the actual and predicted polymorph content of form III by the peak-area method under condition No. 9 in Table 2 . The plot gives a straight line with a correlation coefficient constant, r, of 0.918, a slope of 0.851, and a Y-intercept of 22.01. These predicted values were all within the 95% predictive intervals, but were widely dispersed, indicating that the peak-area method has little predictive potential for polymorphic content.
Predictability of the polymorphic content by the XRD-PLS method
Chemometrics can be used to decompose raw data profiles and help us to understand the significant contributions of specific data groups. In the present study, in order to predict polymorphic content, calibration models were established based on XRD profiles of a powder mixture consisting of forms I and III and their actual content by PLS. Table 3 presents correlation parameters of the relationship with several validation approaches. All of the calibration curves have good linearity. Then, the Bm for the validation of the PLS was calculated to be in the range of -13.3 -73.4%, and the Am was in the range of 16.4 -86.7%. In particular, the Bm and Am values of validations Nos. 7 -9 were smaller than those of the others. Since these calibration models based on multi data from loosely and tightly packed samples gave information about the crystal orientation and random packing samples, the calibration models had robust predictability for the spectral data under any conditions. On the other hand, the Bm and Am values were larger for validations Nos. 2 -4 and 6. It was conceivable that calibration models Nos. 7 -9 have tolerance for the fluctuated data with the crystal orientation, since the model was constructed based on the spectra for both loosely and tightly packed conditions. The values of No. 5 were relatively small as well as those of Nos. 7 -9. This is because both the calibration and validation data set samples of No. 5 were packed under the same pressure condition, and happened to result in orientation at the same degree. In contrast, it was conceivable that the errors of Nos. 2 and 3 (loosely packed conditions) and of No. 6 (tightly packed condition) were large, since the model did not have any tolerance for spectral fluctuation. Figure 7 presents the relationship between the actual and predicted polymorph content of form III by PLS under condition No. 4 in Table 3 . The plot gives a straight line, with a slope of 1.248, a Y-intercept of -0.963, and a correlation coefficient constant, r, of 0.994. The result suggests that the linear calibration model was obtained based on the data from condition Table 2 . The open circle shows the data set used for calibration, and the closed circle, that used for validation. The straight line is the regression line, the broken line shows 95% confidence intervals, and the dotted line shows 95% prediction intervals.
No. 4. However, the validation result of the model was not good, and some of the data was out of the 95% predictive intervals, as shown in Fig. 7 . These results indicate that this calibration model was not adequate for the quantitation of nonorientated samples. Figure 8 presents the relationship between the actual and predicted polymorph content of form III by PLS under condition No. 9 in Table 3 . The plot gives a straight line, with a slope of 0.946, a Y-intercept of 0.924, and a correlation coefficient constant, r, of 0.911. Since all data points were within the 95% predictive intervals, the model based on the spectral data with larger variability had robust and stable predictability for polymorphic content. In addition, the Bm and Am values of the PLS-XRD method were smaller than those of the peak-area method. It is clear from the Bm and Am values that the XRD-PLS method is more effective and robust than the peak-area method for predicting the polymorph content. These results suggested that the calibration curve for the PLS-XRD method accounted for less weight for the intensity of the crystal-orientated diffraction peaks.
Effectiveness of the PLS method in constructing calibration models
As discussed previously, PLS was effective for constructing a calibration model having high predictability. The characteristics of this method are the extraction of only target information, and the cancellation of noise. However, its effectiveness has not been verified experimentally. Figure 9 presents XRD profiles of a 50% (w/w) CBZ mixture prepared under loosely packed and tightly packed conditions (n = 3). The numbers in Fig. 9 indicate 12 randomly selected diffraction peaks as an index. As shown, there are 2 peaks depending on the packing conditions. One fluctuates depending on the packing (e.g. the peaks at 2θ = 7.9, 8.6˚), and the other does not (e.g. the peaks at 2θ = 12.2, 20.0˚).
In the present study, the coefficient of variation (CV) of the peak intensity and the regression vector (RV) as a weighting function of the calibration model were calculated on a scientific basis in order to clarify the effectiveness of the PLS. CV and RV were therefore analyzed quantitatively. Figure 10 presents the RV for the calibration model obtained by PLS. This result indicates that the peak at 2θ = 12.2˚ was most responsible for the positive correlation, and the peak at 2θ = 15.1˚ was most responsible for the negative correlation Table 3 . The open circle shows the data set used for calibration, and the closed circle, that used for validation. The straight line is the regression line, the broken line shows 95% confidence intervals, and the dotted line shows 95% prediction intervals. Table 3 . The open circle shows the data set used for calibration, and the closed circle, that used for validation. The straight line is the regression line, the broken line shows 95% confidence intervals, and the dotted line shows 95% prediction intervals.
against increasing form III. Figure 11 presents the effect of the CV of the peak intensity on the absolute value of RV (|RV|) for the calibration model obtained by PLS. This relationship showed that |RV| is inversely proportional to CV on a semi-logarithmic plot. For example, the 7th angle of diffraction is important in the present calibration model. In contrast, the 1st angle of diffraction was almost negligible. Since the CVs at the 7th and 4th angles of diffraction were smallest, and those at the 1st and 2nd angles of diffraction were largest, the relationship between CV and RV had a scientific basis, because the PLS regression can avoid any harmful effects in modeling due to multicollinearity. Accordingly, PLS was calculated quantitatively using the change in the diffraction angle, which has non-or less-fluctuation selectively. It was suggested that this selectivity contributed to an improvement in the accuracy of the calibration model; it was also demonstrated experimentally that the PLS efficiently extracted information from the diffraction profiles, and cancelled noise.
Conclusion
The XRD method is described in the pharmacopoeia as an important way to evaluate the polymorphism and crystallinity of medicines. Since there are some problems with XRD, such as particle orientation in preparing crystalline samples, the degree of precision is relatively low. However, if these problems are solved, the XRD method can be used for the high-quality control of medicine in a non-destructive, non-contact analysis. In the present study, the XRD-PLS method was established for a nondestructive, non-contact analysis to avoid the effect of particle orientation based on statistical theory. The XRD-PLS method was therefore demonstrated as being potentially effective for the non-destructive, non-contact analysis for PAT. 
